Asparagine, the primary assimilation product from N2 fixation in temperate legumes and the predominant nitrogen transport product in many plant species, is synthesized via asparagine synthetase (AS; EC 6.3.5.4). Here, we report the isolation and characterization of a cDNA and a gene encoding the nodule-enhanced form of AS from alfalfa. The AS gene is comprised of 13 exons separated by 12 introns. The 5' flanking region of the AS gene confers nodule-enhanced reporter gene activity in transformed alfalfa. This region also confers enhanced reporter gene activity in dark-treated leaves. These results indicate that the 5' upstream region of the AS gene contains elements that affect expression in root nodules and leaves. Both AS mRNA and enzyme activity increased -10to 20-fold during the development of effective nodules. lneffective nodules have strikingly reduced amounts of AS transcript. Alfalfa leaves have quite low levels of AS mRNA and protein; however, exposure to darkness resulted in a considerable increase in both. In situ hybridization with effective nodules and P-glucuronidase staining of nodules from transgenic plants showed that AS is expressed in both infected and uninfected cells of the nodule symbiotic zone and in the nodule parenchyma. RNA gel blot analysis and in situ hybridization results are consistent with the hypothesis that initial AS expression in nodules is independent of nitrogenase activity.
INTRODUCTION
Asn is the major nitrogen transport product in many plant species, particularly in temperate legumes such as alfalfa, pea, trefoil, and clovers (Sieciechowicz et al., 1988; Lea et al., 1990; Vance, 1990; Waterhouse et al., 1996) . Asn may comprise as much as 80% of the xylem sap free amino acid pool in these species (Sieciechowicz et al., 1988; Ta et al., 1988) . The usual source of Asn in temperate legumes is from effective root nodules . Ta et al. (1988) calculated, from in vivo feeding of I5N2 and I4CO2, that the rate of Asn synthesis in alfalfa is 150 nmol min-l g fresh weight nodule-I. The xylem sap of ineffectively nodulated plants, on the other hand, contains little or no Asn (Maxwell et al., 1984; Rosendahl et al., 1990) . Moreover, when effective To whom correspondence should be addressed. E-mail vance004 Qmaroon.tc.umn.edu; fax 61 2-649-5058. nodules are removed from alfalfa, clover, and bird's-foot trefoil, Asn concentrations in xylem sap decrease significantly (Maxwell et al., 1984; Kim et al., 1993) . Higher amounts of Asn are also formed in plant tissues that are stressed and/or carbon limited. The classic example of Asn accumulation in response to stress is documented in asparagus spears in which concentrations increase five-to 1 O-fold within 24 hr of harvest (King et al., 1990) . Pea leaves darkened for 72 hr have an -15-:old increase in free Asn compared with leaves exposed to the normal photoperiod (Joy et al., 1983) . Similarly, sugar-starved maize root tips (Brouquisse et al., 1992) and sycamore suspension cells (Genix et al., 1990) have markedly higher amounts of free Asn compared with control tissues.
The synthesis of Asn is catalyzed by asparagine synthetase (AS; EC 6.3.5.4) (Lea et al., 1990; McGrath and Coruzzi, 1991) . The enzyme catalyzes the Gln-and/or ammonia-dependent amidation of aspartate with the simultaneous hydrolysis of ATP to AMP and PPi. Two forms of AS are found in Escherichia coli One, dependent on ammonia, is encoded by the asnA gene (Nakamura et al., 1981) ; the other, dependent on Gln, is encoded by the asnB gene (Scofield et al., 1990) . Plant AS enzyme activity is known to be quite unstable and has only been partially purified from pea (Joy et al., 1983) , lupin (Lea and Fowden, 1975; Rognes, 1975) , maize (Oaks and Ross, 1984) , and soybean (Huber and Streeter, 1985) . However, recently, alfalfa root nodule AS was purified to near homogeneity, and antibodies were raised against the protein (Twary et al., 1994;  S.N. Twary, P.J. Unkefer, and C.P. Vance, unpublished data) . Although all plant AS enzymes studied to date appear to be Gln dependent, many catalyze Asn synthesis in the presence of high ammonia concentrations in vitro. lncreased Gln-dependent AS activity has been correlated with the accumulation of Asn in soybean (Huber and Streeter, 1984) and alfalfa root nodules (Ta et al., 1988) , sugar-starved maize tips (Brouquisse et al., 1992) , and the radicle of germinating white lupin (Lea and Fowden, 1975) . Significant progress has been made in understanding molecular aspects of AS through the isolation and characterization of AS cDNAs from pea (Tsai and Coruzzi, 1990) , asparagus (Davies and King, 1993) , Arabidopsis (Lam et al., 1994) , broccoli (Downs et al., 1995) , trefoil (Waterhouse et al., 1996) , and maize (Chevalier et al., 1996) . With the exception of the deduced amino acid sequence from maize, these cDNAs are >80% similar. These cDNA clones suggest that all plant AS proteins are composed of 579 to 591 amino acids, yielding a molecular mass of -65 kD, and contain a Gln binding site. The two pea AS cDNAs, AS1 and AS2 (Tsai and Coruzzi, 1990) , show enhanced expression in root nodules, with AS1 transcripts being more highly expressed than those of AS2. The pea AS1 cDNA hybridizes with a highly enhanced 2.2-kb mRNA from alfalfa nodules . 60th pea AS1 and Arabidopsis AS (Tsai and Coruzzi, 1990; Lam et al., 1994) transcripts are repressed by light, apparently by a phytochrome-mediated signaling process. When placed in the dark, AS transcripts in pea and Arabidopsis increase substantially. When dark-adapted Arabidopsis is then treated with sucrose, AS mRNA is repressed. Thus, dark induction/light repression of AS gene expression in these species may be related to leaf carbon status. Similarly, in maize and asparagus, synthesis of AS mRNAs is enhanced by the depletion of sugars (Davies and King, 1993; Chevalier et al., 1996; Davies et al., 1996) . Moreover, AS expression in maize and Arabidopsis is responsive to nitrogen addition in the form of amino acids. Thus, AS expression appears to be regulated at least in part by a lack of sugars superimposed upon the nitrogen status of the tissues in question (Lam et al., 1995; Davies et al., 1996) .
Because AS catalyzes the synthesis of Asn, which is the primary product of nitrogen assimilation in alfalfa, efforts to improve N, fixation and nitrogen assimilation will require a thorough understanding of the genes encoding this enzyme. Other than a brief mention of the AS gene from asparagus (Moyle:et al., 1996) , plant AS genes have not been characterized. Because our principal goal is to understand genetic factors controlling N2 fixation and nitrogen metabolism, we thought it essential to characterize an alfalfa AS gene. Here, we report the isolation of an AS cDNA by screening an expression library with AS antibodies and characterize an AS gene that is highly expressed in root nodules and is repressed in leaves by light. We also show that although AS expression is highly correlated with effective nodule development, enhanced expression does not have an absolute requirement for effective nodules. In addition, we investigated the cellular localization of AS mRNA in effective and ineffective nodules by using in situ hybridization. Lastly, we demonstrate that the 5' region, upstream from the translation start site of this gene'directs high reporter gene activity in root nodules and affects dark-induced expression of AS in leaves.
R ESU LTS lsolation and Characterization of an AScDNA
A Xgt22 cDNA library, constructed from poly(A)+ RNA extracted from 20-day-old alfalfa root nodules (Gregerson et al., 1993) , was screened with antibodies raised' against purified nodule AS (Twary et al., 1994) . Six recombinant AS antigenproducing bacteriophages were purified and subcloned into pBluescript KS-. The cDNAs ranged in length from 1.6 to 2.2 kb. Partia1 sequencing of all six cDNAs showed that they were produced from a single species of mRNA. The largest cDNA insert, designated AS13, contains a 2184-bp insert with a single long open reading frame. The predicted AS coding region (1 758 bp) is preceded by 183 bp of 5' untranslated sequence and is followed by 243 bp of 3 ' untranslated sequence before the polyadenylation site is reached. An inframe stop codon is found 18 nucleotides upstream of the ATG starting at nucleotide 184, the first potential initiation site in this cDNA. The complete nucleotide sequence of this insert has GenBank accession number U89923.
The alfalfa AS13 open reading frame encodes a 5 8 6 amino acid protein with a predicted molecular mass of 66,500 D and a PI of 6.01. A search of protein databases with the deduced amino acid sequence, by using the Genetics Computer Group BLAST program, revealed that the protein encoded by AS1 3 shares significant sequence identity with all plant AS cDNAs currently listed with GenBank. The percentage of similarity to other plant AS proteins, as computed by the Genetics Computer Group FASTA program, varies from 75.6 to 95.1 %, with alfalfa AS1 3 encoding a protein most similar to pea AS1. In addition, alfalfa AS shares 45.6 to 54.3% similarity with the Gln-dependent AsnB protein of E. coli, the two yeast AS proteins, and animal AS proteins. In contrast, the alfalfa AS13 protein was only 22.7% similar to the ammonia-dependent AsnA protein of E. coli, suggesting that the alfalfa AS protein is more closely related to the Gln-dependent AS of E. coli than is the ammoniadependent form.
To examine similarities and differences in individual amino acid positions, in Figure 1 we aligned the deduced amino acid sequence of AS13 with six other AS proteins representing the most similar plant AS (pea ASí) to the most similar prokaryotic AS (E. coli AsnB). The N-terminal portion of alfalfa AS is quite conserved with respect to other plant AS proteins, whereas the last 30 to 40 amino acid residues at the C terminus show considerable variation, as previously pointed out by Davies and King (1993) and Lam et al. (1994) . In the human AS protein, Cys-2 has been shown to be es-sentia1 for Gln-dependent activity (Van Heeke and Schuster, 1989) . This Cys residue is conserved in alfalfa AS and all other plant AS proteins. The Gln-amide transfer function of purf-type glutamine amidotransferases is thought to reside in the catalytic triad Cys-2-Asp-29-His-102 (Mei and Zalkin, 1989) . These residues align to positions 2, 34, and 104, respectively, in alfalfa and other plant AS proteins (Lam et al., 1994) . Conservation of these residues in alfalfa AS further suggests that alfalfa AS is a Gln-dependent enzyme.
A phylogenetic analysis of the 16 deduced AS amino acid sequences in GenBank, with deletion of 85 divergent C-terminal amino acids, was used to compare the relationship of the protein encoded by alfalfa AS13 to other AS proteins. As shown in Figure 2 , four well-separated branches of AS proteins (animal, plant, yeast, and bacteria) can be identified in the phylogenetic tree. With inclusion of E. coli AsnB as an outgroup, the separation of clusters is well supported by the results of 1 O00 bootstrap replicas. Monocotyledonous and dicotyledonous AS proteins form two different subbranches within the plant grouping. Legume and nonlegume proteins can be traced to two separate clusters on the dicotyledonous subbranch. Moreover, the two nodule-enhanced AS proteins, pea AS1 and alfalfa pAS13, originate from a single clade, suggesting they have a single phylogenetic origin. It should be noted that inclusion of the 85 divergent C-termi-na1 amino acids in the analysis had no effect on the phylogenetic relationships shown in Figure 2 (data not shown).
To ascertain whether there was more than one AS mRNA species in alfalfa, >30 individual AS cDNA clones were isolated from alfalfa root and nodule cDNA libraries. At least 1 O separate cDNAs from each library were sequenced at the 5' and 3' ends. Other than a 75-nucleotide variation in position of the polyadenylation site, these partia1 sequences were 99% identical to AS13 (data not shown). Although occasional nucleotide changes were found, none resulted in a change in deduced amino acids. These results suggest that a single AS mRNA species is present in both roots and nodules, and any nucleotide change probably reflects allelic variation in this tetraploid outcrossing species.
Organ-SpecWic Expression of Alfalfa AS
The organ-specific expression pattern of AS transcripts in alfalfa mRNA isolated from roots, nodules, cotyledons, stems, and leaves of effective Saranac plants grown in an 18-hr-light and 6-hr-dark cycle was characterized by RNA gel blot analysis, as shown in Figure 3A . The blot was also hybridized with either the 3' or 5' untranslated region or the coding region of pAS13. lndependent of the probe used and the tissue type examined, an mRNA of -2.2 kb hybridized with 32P-labeled AS13 cDNA. The abundance of AS mRNA was significantly greater in effective root nodules than in any other tissue. Image analysis, both radioanalytic and autoradiographic, showed that nodules consistently contained 20-to 40-fold more AS mRNA per microgram of poly(A)+ RNA than did roots, stems, leaves, and cotyledons.
As demonstrated in Figure 36 , AS protein levels in soluble protein extracted from the various tissues used for RNA blots and evaluated by antibody staining of protein blots reflect AS mRNA content. Effective nodules ( Figure 36 , lane N) contain 1 Oto 20-fold more AS protein than any other tissue tested. AS protein was detected in other tissues, including ineffective nodules, but the amount of total soluble protein loaded into wells had to be increased by 10-fold to obtain consistent positive staining on blots. The molecular mass of the AS protein, as determined on protein blots, was 65,000 D, which is similar to the calculated mass of the protein deduced from the cDNA sequence.
Previous studies have shown that AS enzyme activity in pea leaves (Joy et al., 1983) and mRNA in leaves of pea (Tsai and Coruzzi, 1990) , Nicofiana spp (Tsai and Coruzzi, 1991) , and Arabidopsis (Lam et al., 1994) are repressed by light. In contrast, AS expression in asparagus (Davies and King, 1993) and maize roots (Chevalier et al., 1996) appears to be unaffected by light. To examine whether light represses AS gene expression in alfalfa leaves, total RNA and soluble protein from leaves of effective Saranac plants grown under various light regimes were evaluated by RNA and protein gel blotting. As shown in Figure 4 , AS mRNA was very low in leaves of plants grown with continuous light for 2 or 4 days ( Figure 4A , lanes 1 and 4). When transferred to continuous dark conditions, AS mRNA increased significantly within 24 hr ( Figure 4A , lane 2) and remained high after 72 hr of darkness ( Figure 4A, lane 3) . When the dark-treated plants were then exposed to light, AS mRNA dropped precipitously within 6 hr of light exposure ( Figure 4A , lane 5) and was virtually absent after 24 hr of continuous light ( Figure 4A , lane 6). Light did not appear to affect AS mRNA accumulation in roots (data not shown).
The repression of AS mRNA accumulation in response to light was also reflected in part by the amount of the AS protein. Leaves of effective Saranac plants grown in either 2 or 4 days of continuous light had little AS protein ( Figure 46 , lanes 1 and 4). However, after 24 hr of darkness, the AS protein was apparent ( Figure 48 
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occurring after 3 days of darkness. In contrast to AS mRNA, the AS protein was still prominent after dark-treated leaves were exposed to light ( Figure 4B , lanes 5 and 6). At each assay period when AS protein was detectable in leaves, AS enzyme activity could be detected in cell-free extracts (data not shown).
AS mRNA Accumulation and Enzyme Activity in Nodules of Effective and Ineffective Alfalfa
AS mRNA abundance in total RNA isolated from developing nodules of effective Saranac and plant gene-controlled ineffective Saranac (/r^Sar) was determined by RNA gel blot analysis, as shown in Figure 5A . During the course of this experiment, nitrogen fixation, as measured by acetylene reduction, was first detected on day 9 after planting and inoculation, with maximum nitrogenase activity occurring on day 12 and remaining constant through day 33 (Gantt et al., 1992) . AS mRNA in effective nodules increased in abundance from 9 to 33 days after planting ( Figure 5A ). By com-parison, RNA extracted from in-^Sar nodules at the same time points had strikingly reduced amounts of AS mRNA ( Figure 5A ). Ethidium bromide staining and labeling with 32 P-polyuridine indicated that each lane had equal amounts of total RNA (data not shown). The amount of the radioactive AS13 probe that hybridized with the RNA blot shown in Fig Relative to a basal level of expression on days 5 and 7, which was very similar for the two genotypes, radioactive counts in AS mRNA of effective Saranac at succeeding time points increased 2-, 8-, 23-, 34-, and 50-fold at days 8, 9, 12, 19, and 33, respectively. For in^Sar nodule mRNA, the increases were 1-, 2-, 4-, 8-, and 10-fold at the same time points given above. Thus, the maximum accumulation of AS mRNA in in^Sar nodules was approximately equivalent to that seen in day 9 effective Saranac nodules.
Although the overall pattern of AS mRNA accumulation in in^Sar nodules was similar to that in effective Saranac, there were two notable differences: (1) from day 9, the amount of radioactive pAS13 cDNA probe that hybridized with /r^Sar RNA was one-fourth to one-fifth of that bound by effective Saranac; and (2) the increase in AS mRNA abundance that occurred after nitrogenase was detected and coincident with maximum nitrogenase activity in effective Saranac was not observed in in-^Sar nodules.
To assess whether AS enzyme activity reflected AS mRNA abundance, in vitro AS activity was measured at the same R N C S L , and leaves (lane L) of alfalfa cultivar Saranac, electrophoresed in a 1.5% formaldehyde-agarose gel, transferred to a ZetaProbe membrane, and probed with a 32 P-labeled AS13 probe corresponding to amino acids 172 to 364 of the translated region of the cDNA. The size of the AS transcript (2.2 kb) is indicated at right. (B) Total protein extracted from effective Saranac roots, nodules, cotyledons, stems, and leaves was separated by SDS-PAGE, transferred to a nitrocellulose membrane, and probed with AS antisera (Twary et al., 1994) . The protein loaded into each well was 5 u.g for nodules and 50 ^g for all other organs. The molecular mass (65 kD) of the AS polypeptide is indicated at right. Treatment designations are the same as those indicated in (A). The molecular mass of the AS polypeptide (65 kD) is indicated at right. time points that nodule mRNA was isolated. As shown in Figure 5C , AS activity in effective Saranac nodules was not detectable until day 9, even though small white outgrowths of nodules begin to emerge by day 8. AS activity in the effective Saranac nodules increased through day 12 and thereafter remained at a rather high constant level. By comparison, AS activity in /n,Sar nodules at all developmental stages was low to undetectable, except for a small increase occurring on day 9. The highest AS activity in /V^Sar nodules was only ~10% of that found in day 19 effective nodules.
To ascertain whether the reduced amount of AS mRNA in non-N 2 -fixing nodules is unique to the /H, Sar genotype, AS mRNA levels in nodules of effective Saranac inoculated with either effective Rhizobium meliloti 102F51 or with one of four mutant R. meliloti strains that produce ineffective nodules on Saranac plants were evaluated by RNA gel blot hybridization, as shown in Figure 6 . Equal amounts of RNA were loaded in each lane and verified by ethidium bromide staining and hybridization with 32 P-polyuridine. In the effective symbiosis ( Figure 6A , 102F51, first three lanes), AS mRNA accumulation was similar to that shown in Figure 5 . The hybridization pattern for AS mRNA from all plants inoculated with ineffective R. meliloti strains was similar to that of effective nodules through day 9. However, on day 12, the AS transcripts in nodules of all plants inoculated with ineffective R. meliloti strains were much lower than were those in effective nodules. Figure 6B shows the radioactivity detected in each AS hybridizing band in Figure 6A (A) RNA gel blot analysis of AS mRNA accumulation in effective and ineffective Saranac nodules. Total RNA (10 p.g) isolated from roots (day 5) or nodules (days 7, 8, 9, 12, 19, and 33 ) was applied to each lane, electrophoresed on a 1.5% formaldehyde-agarose gel, transferred to a ZetaProbe membrane, and hybridized with 32 P-labeled AS13. radioactivity detected in AS transcripts from ineffective nodules was never >25% of that found in day 12 effective nodules.
Localization of AS Transcripts in Effective and Ineffective Alfalfa Nodules
To ascertain the cellular localization of AS transcripts, we used either a conserved coding region or a 3' untranslated region as probes for in situ hybridization with 12-day-old effective Saranac and in-^Sar nodules. As shown in Figure 7 , four zones are observed along the nodule axis in longitudinal sections of 12-day-old effective Saranac nodules (Vasse et al., 1990; Franssen et al., 1992; Hirsch, 1992) : (1) the apical meristem zone (zone I);
(2) the invasion and prefixing zone (zone II); (3) the amyloplast-rich interzone (*, zones II to III); and (4) outer cortex are seen at the periphery of the central nitrogen-fixing tissue of the nodule.
After hybridization of the antisense probe containing the conserved coding sequence of AS13 to the longitudinal section, dark-field microscopy showed that AS mRNA was localized predominantly in the cells of the late symbiotic, nitrogen-fixing zone III and the nodule parenchyma of mature effective 12-day-old Saranac nodules ( Figures 7A and 7B) . The control sense probe showed little or no signal (Figures 7C and 7D) . No AS transcripts were detected in the meristem zone I, invasion zone II, nodule vascular bundles, or outer cortex. At a higher magnification, as shown in Figures  7E and 7F , AS transcripts were identified in the infected and uninfected cells as well as in the nodule parenchyma. AS expression in the symbiotic region began in the first cell layer adjacent to the interzone II to III ( Figures 7E and 7F ). Cell layer-specific AS expression was also noted in the nodule parenchyma, where silver grains were restricted to the periphery of zone III (Figures 7B and 7F) . In contrast to AS mRNA accumulation in effective Saranac nodules, hybridization with /n-iSar nodules revealed that the number of silver grains was quite reduced, with little or no signal detected in the nodule parenchyma and senescent zone IV ( Figures 7G and 7H ). AS mRNA expression was limited to a band of cells encompassing the youngest portion of zone III in ineffective nodules.
To compare the pattern of AS gene expression obtained with a conserved probe capable of hybridizing with all AS mRNAs with the pattern of a potentially gene-specific probe, we conducted in situ hybridization using a probe derived from the 3' untranslated portion of the AS13 cDNA ( Figures  71 and 7J ). Dark-field microscopy of longitudinal sections of 12-day-old effective nodules revealed a pattern of expression nearly identical to that observed with the conserved probe.
Isolation and Characterization of an AS Gene
An alfalfa genomic library (Gregerson et al., 1994) was screened by hybridization with the AS13 cDNA. Four hybridizing clones were obtained and digested with a variety of restriction enzymes. DNA blot analysis of the restricted DNA indicated that one clone with an insert of ~8 kb, comprised of two EcoRI fragments, contained the entire region homologous to the pAS13 cDNA. This 8-kb insert, designated AS18, was subcloned into pBluescript KS-and sequenced from 2748 bp upstream of the translation start codon to 734 bp beyond the polyadenylation site. The complete nucleotide sequence of AS18 (7962 bp) has GenBank accession number L40327. A comparison of nucleotide sequence of AS18 to that of the AS13 cDNA revealed differences at 23 positions (98.8% identity). However, no nucleotide difference resulted in an amino acid change.
By aligning the sequence of AS13 with that of AS18, we determined the exon-intron organization of the alfalfa AS gene. As shown in Figure 8 , the alfalfa AS gene is composed of 13 exons interrupted by 12 introns, and all but one of these predicted introns have the 5'-GT ... AG-3' consensus intron boundary sequences (Shapiro and Senapathy, 1988) . The border sequences of intron 1 are 5'-GC . . . AG-3'. The lengths of the introns vary from 88 to 1012 bp, and the lengths of the exons vary from 80 to 475 bp. The overall structure of the alfalfa AS is similar to that reported for asparagus (Moyle et al., 1996) . Plant and human AS genes have an equal number of exons (Zhang et al., 1989) , whereas the hamster AS has only 12 (Andrulis et al., 1987) . In addition, the splicing position of intron 10 is conserved between plant and human AS. The three catalytic triad-forming residues in the purF-type glutamine binding domain, Cys-2, Asp-34, and His-104, are located in exons 1, 2, and 3 of alfalfa AS18 and exons 2 and 3 of the human AS gene, respectively.
To determine the genomic organization and gene copy number of AS in alfalfa, gel blot analysis of genomic DNA was performed. As demonstrated in Figure 9 , equimolar amounts of P. meliloti genomic DNA cut with EcoRI gave no hybridization signal (lane 1), whereas hybridizing fragments were seen with alfalfa genomic DNA cut with Xbal (lane 2), EcoRI (lane 3), or EcoRV (lane 4). Multiple hybridizing fragments were seen in each lane, suggesting either a small gene family or allelic variation for a single gene in this tetraploid species. Similar results were obtained under low-stringency hybridization conditions (data not shown). Figure 10 shows the sequence of 2000 nucleotides in the 5' flanking region upstream of the AS18 putative translational start codon. Sandal et al. (1987) identified two sequences conserved in legume nodule-enhanced genes: CTCTT and AAAGAT, each of which was found in one or more copies within 200 bp of the transcription initiation site in the soybean N24, Lb, and N23 genes. These two sequences were also found to be conserved in other Lb genes from soybean nodulin 23 (Stougaard et al., 1990) and Sesbania rostratum leghemoglobin (Welters et al., 1993) , and in the soybean nodulin genes 20, 22, and 44 (Sandal et al., 1987) . In the flanking region of alfalfa AS18, the CTCTT motif is found four times in the 5' untranslated region in the direct orientation, whereas the AAAGAT motif is found once at 1210 nucleotides upstream of the translation start codon (Figure 10 ). Interestingly, 14 perfect direct repeats with lengths varying from 7 to 21 bp were found near each other upstream of the translational start codon ( Figure 10) . Among them, one 13-bp repeat (AAGGTGACAAAAA) is separated by 20 nucleotides, whereas another 9-bp repeat (AAATAAGGT) is located partially within the gap and slightly overlapping the 13-bp direct repeats. Another direct repeat (ATTAAATAAAt/cAt/aCATTT), found 575 nucleotides upstream of the translation start codon, is AT rich (Figure 10 ). The significance of these repeats in the regulation of AS gene expression has not been evaluated.
Expression of an AS Promoter-p-Glucuronidase Fusion Construct in Root Nodules of Transgenic Alfalfa
To evaluate the role of the 5' flanking region of AS18 in conferring enhanced expression to root nodules, a transcriptional fusion was made with a 2.7-kb fragment starting 15 nucleotides upstream of the putative translation start codon of the AS18 gene and the p-glucuronidase (GUS) gene. The Eighteen micrograms of alfalfa genomic DNA was digested with Xbal (lane 2), EcoRI (lane 3), or EcoRV (lane 4), electrophoresed through an 0.8% agarose gel, denatured, transferred to a nylon membrane, and probed with 32 P-labeled pAS13 at high stringency. Genomic DNA (0.01 (j.g) from R. meliloti was digested with EcoRI (lane 1) and used as a negative control. Numbers at left indicate the positions of the molecular length markers in kilobases. The 2164-nucleotide flanking region of the AS78 gene upstream from the putative translation start codon is shown. Uppercase letters correspond to the 2000-bp region of the AS18 putative promoter, whereas lowercase letters correspond to the 164-bp 5' untranslated region of the cDNA. The first nucleotide upstream of the pASl3 cDNA is labeled -1. Thirteen perfect direct repeats are in boldface and underlined by solid arrows, with corresponding letters given beneath. A fourteenth 9-bp perfect repeat, n, lying within repeat m, is overlined with a solid arrow. Another AT-rich repeat is indicated by dashed arrows. Two conserved sequence motifs found in other nodulins (TCTCC and AAGAT) are indicated by asterisks.
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chimeric promoter-GUS construct was transformed into alfalfa via Agrobacterium. Nodules from four independent, fully transformed and regenerated plants were assayed histochemically for GUS, and GUS enzyme activity was measured in flowers, stems, roots, leaves, and nodules. Stained nodules were also sectioned and evaluated by dark-field microscopy for cellular localization of GUS activity. Figures  11A and 11 B show the typical expression observed in root nodules of transformed, regenerated alfalfa. GUS activity was detected throughout zone 111, the symbiotic zone, and in the nodule parenchyma. Within the symbiotic zone, GUS activity appeared in both infected and uninfected cells. Activity in the senescent zone, zone IV, was reduced and sometimes not detectable (data not shown). Dark-field microscopy of nodule thin sections (Figure 11 B ) was consistent with in situ hybridization, showing that GUS expression driven by the AS promoter was evident in both infected and uninfected cells as well as parenchyma. Little to no GUS staining was evident in the meristem zone I, invasion zone 11, and prefixing interzone II to III ( Figures 11A and  11 B) . The blue X-gluc precipitate observed in the interior of nodules ( Figure 11A ) by using bright-field illumination appears red under dark-field conditions (Figure 11 B) . In other organs of alfalfa, GUS activity was limited to weak staining in vascular bundles (data not shown). As shown in Table 1 , enzyme assays of GUS activity, as measured with the substrate 4-methylumbelliferyl p-o-glucuronide, further confirmed that the AS promoter directed high GUS activity to root nodules. The average GUS activity from four independent transformants showed that nodules had 4 . 5 , 11.7-, 18.7-, and 33.6-fold more activity than did roots, flowers, stems, and leaves, respectively.
To ascertain whether this 5' flanking region of AS78 is involved in conferring enhanced AS expression to dark-I II III Figure 11 . GUS Activity Staining in Nodules of Transgenic Alfalfa.
The plants were transformed with Agrobacterium containing the GUS reporter gene driven by the 2.7-kb 5' flanking region of the AS18 gene starting 15 nucleotides upstream of the putative translation start codon.
(A) Bright-field microscopy of a nodule stained for GUS activity. After staining for 12 to 16 hr, nodules were cut in half, and the interior face was photographed. Activity is indicated by the blue color. Note GUS activity throughout nitrogen-fixing zone III. Little or no activity is evident in meristem zone I, infection zone II. or the nodule cortex. (B) Dark-field microscopy of a nodule stained for GUS activity. After staining for 12 to 16 hr, nodules were cut into serial sections (4 ^m thick) and evaluated at a magnification of x10. GUS activity, which appears red in dark-field microscopy, was detected in infected and uninfected cells of nitrogen-fixing zone III and is evident in nodule parenchyma cells. Little or no activity is found in meristem zone I, infection zone II, or the cortex. Arrows identify infected (in) and uninfected (un) cells. esz, early symbiotic zone; in, infected cells; iz, infection zone; Isz, late symbiotic zone; m, merislem; nc, nodule cortex; np, nodule parenchyma; un, uninfected cells; vb, vascular bundle. Zonation is according to Vasse et al. (1990) : zone I, meristem; zone II, infection; *, interzone II to III; zone III, nitrogen fixing.
adapted leaves, we made cuttings from four independent transformants and evaluated GUS activity in leaves after 3 days of darkness. As shown in Table 2 , GUS activity increased in the leaves of all transformants. The increase ranged from 1.3-fold in plants derived from AS17 to nearly sixfold in AS2-derived plants. It should be noted that all of the cuttings used in this experiment had intense blue staining in nodules both at the beginning and end of the dark treatment (data not shown).
DISCUSSION
Biosynthesis of Asn, the primary product of N 2 fixation in temperate legumes (Vance, 1990) and the predominant nitrogen transport product in many plant species (Sieciechowicz et al., 1988; Lea et al., 1990) , is catalyzed by AS (Lam et al., 1995) . The AS enzyme has been recalcitrant to study because of its low activity in cell-free preparations and inherent in vitro instability (Streeter, 1977; Stulen and Oaks, 1977; Lam et al., 1995) . However, in recent years, molecular studies of several cDNAs for this enzyme have provided new insight into regulation of this critical step in nitrogen assimilation. In this study, we extend the understanding of AS by producing antibodies to the enzyme protein and by characterizing an alfalfa gene encoding the nodule-enhanced form of this enzyme. Moreover, we document that the 5' upstream flanking region of AS controls expression in root nodules and in darkexposed leaves. Although multiple AS cDNAs, presumably derived from distinct genes, have been identified in Arabidopsis (Lam et al., 1995) , pea (Tsai and Coruzzi, 1990) , and trefoil (Waterhouse et al., 1996) , we found little evidence to support a second AS gene in alfalfa. Whereas there are 23 nucleotide differences between the transcribed region of the AS18 gene and pAS13 cDNA, the deduced protein encoded by the AS18 gene is identical to that deduced from the AS cDNA. These data, coupled with the fact that 20 independent AS cDNAs (10 from nodules and 10 from roots) were 99% identical with no changes in deduced amino acids, suggest that the AS18 gene and that represented by AS13 correspond to different alleles of a single AS gene. Allelic variation as reported for other alfalfa genes (Gregerson et al., 1994; Vance et al., 1995) would be expected in this outcrossing tetraploid species.
The deduced amino acid sequence of alfalfa AS is similar to those reported previously for other plant AS proteins (Figures 1 and 2) , suggesting that the enzyme is a Gin-dependent form of AS. This interpretation is consistent with 15 Nand 14 C-labeling studies (Fujihara and Yamaguchi, 1980; Snapp and Vance, 1986; Ta et al., 1988) and enzyme kinetic data (Lea and Fowden, 1975; Rognes, 1975; Stulen et al., 1979; Ta et al., 1988) . The N-terminal portion of alfalfa AS contains the invariant Cys-2 residue, which has been shown through site-directed mutagenesis of the human AS gene to be essential for Gin-dependent AS activity (Van Heeke and Schuster, 1984) . In addition, the Cys-2-Asp-29-His-101 catalytic triad postulated to be critical for Gin binding in purFtype Gin amidotransferases (Mei and Zalklin, 1989 ) is found at positions 2, 104, and 34, respectively, in alfalfa AS. However, the lack of His-101 residues in yeast Asn1 and Asn2 as well as the Gin-dependent E. coli AsnB raises questions about whether this member of the catalytic triad is absolutely required for Gin-dependent activity.
Even though Gin appears to be the preferred substrate for AS, most studies indicate that the enzyme from plants and animals may also utilize NH4+, albeit less efficiently, as a nitrogen donor (Stulen et al., 1979; Pfeiffer et al., 1987; Sieciechowicz et al., 1988) . Alfalfa nodule AS can use NH4+ as a substrate, but it has 20-fold less affinity for NH4+ than for Gln (S.N. Twary and P.J. Unkefer, unpublished data).
Moreover, the free NH4+ concentration is so low in nodules as to be almost undetectable (Meeks et al., 1978; Streeter, 1989) . In a strategy to determine whether NH4+-dependent AS activity could be enhanced in plants, Brears et al. (1993) created a site-specific mutation in the pea AS1 cDNA that specifically deleted the three amino acids required for Gln binding. When this construct driven by the cauliflower mosaic virus 35s promoter was introduced into the heterologous host tobacco, two independent lines of transgenic tobacco showing overexpression of the mutated Gln-dependent AS continued to show high levels of Asn. Although the authors interpreted this result to mean that the transgenic lines could assimilate NH4+ directly into Asn, neither enzyme activity nor substrate specificity were measured for the modified AS expressed in tobacco. The availability of an AS cDNA clone provided the means to characterize mRNA levels on RNA gel blots and mRNA localization through in situ hybridization. In plants grown under a normal 16-hr-light and 8-hr-dark photoperiod, AS mRNA was most abundant in mature (day 19) effective nodules, with much lower amounts present in roots, stems, cotyledons, and leaves ( Figure 3A) . Within effective nodules, AS mRNA abundance increased coincident with the increase in nitrogenase activity ( Figure 5A) . Compared with previous studies in our laboratory showing that mRNA expression for nodule-enhanced forms of aspartate aminotransferase (AAT-2), glutamate synthase (NADH-GOGAT), glutamine synthetase (GS), and phosphoenolpyruvate carboxylase (PEPC) increases before detectable nitrogenase activity (Gantt et al., 1992; Pathirana et al., 1992; Gregerson et al., 1993; Vance et al., 1994) , the increase in AS mRNA is dekyed by 24 hr. This delay could reflect the position of AS in the biosynthetic pathway for Asn. Synthesis of Asn first requires initial assimilation of NH4+ by the GWGOGAT cycle into Gln; then Asp is derived from oxaloacetate via PEPC and AAT, with AS catalyzing the final step of Asp to Asn (Lea et al., 1990; Lam et al., 1995) . Alternatively, AS expression may respond to regulatory signals that are formed later than those affecting GS, GOGAT, AAT-2, and PEPC. Although reduced in amount compared with effective nodules, the synthesis of AS mRNA in both plant genecontrolled and bacterially controlled ineffective nodules ( Figures 5 and 6 ) raises questions regarding the signal(s) involved in nodule-enhanced AS expression. Developmentally, all of the ineffective nodules evaluated by RNA blot analysis in Figures 5 and 6 attain a relatively similar stage, which equates to a day 7 or 8 effective nodule (Hirsch et al., 1983; Virts et al., 1988; Egli et al., 1989; Yarosh et al., 1989; Driscoll and Finan, 1993) . Bacteria are released from infection threads, infected and uninfected cells can be found in the nodule interior, and small amounts of Lb can be detected. Although we do not know where the a Four independent transformants were analyzed by preparing cuttings and analyzing GUS activity in leaves immediately before transferring to total darkness. The same cuttings were assayed again after 3 days in total darkness, and the fold increase in activity was determined. bCuttings from each plant were grown for 6 weeks in vermiculite inoculated with R. meliloti 102F51. GUS staining in nodules was verified for each cutting. Cuttings were then transferred to total darkness for 3 days, and leaves were assayed for 4-methyllumbelliferyl 8-o-glucuronide activity.
lesion occurs in in,Sar, the mutations in the bacterial strains affect the following: in strain T202, oxygen regulation is affected; in G456, malic enzyme is affected; in 1491, nitrogenase H is affected; and in F642, dicarboxylic acid uptake is affected. Thus, the events giving rise to ineffectiveness occur concurrent with bacteroid differentiation. In each example of ineffective nodules, AS mRNA accumulated to approximately the same level as that found in day 9 effective nodules, suggesting that the initial signal for AS induction is related to events late in nodule development, perhaps associated with bacteroid release and development. This factor must either increase in the effective symbiosis, resulting in even further enhanced expression of AS, or remain relatively constant or decrease in ineffective nodules. Alternatively, the continued increase in AS mRNA in effective nodules occurring after day 9 may involve a second separate signal associated with N,-fixing nodules and/or N metabolites, which is absent in the ineffective nodules.
In situ hybridization data taken from seria1 sections of >20 effective Saranac and 20 in,Sar nodules further extend our understanding of AS expression by showing the cellular distribution of AS mRNAs (Figure 7) . In situ hybridization with longitudinal sections of indeterminate alfalfa nodules allows for direct assessment of mRNA not only in various cell types but also at different stages of development (de Billy et al., 1991) . AS hybridization was initially detected in the first cell layer adjacent to the interzone II to 111 ( Figure 7) ; thus, the expression pattern for AS is quite similar to that described for the late nodulins pGS100 (Temple et al., 1995) and Lb (de Billy et al., 1991) . However, unlike GSl O0 and Lb mRNAs that were detected only within infected cells, AS expression in effective alfalfa nodules was fairly uniform in both infected and uninfected cells of the nitrogen-fixing zone and the parenchyma. The detection of AS in uninfected cell types strengthens our interpretation that the initial signal for AS expression in nodules is unrelated to the presence of functional nitrogenase. Furthermore, the presence of AS transcripts in cell types that do not contain bacteroids has important implications for nitrogen assimilation.
For AS to function catalytically, there must be a source of Asp and Gln or possibly NH4+ in the uninfected cell types. Gln could occur in these cells through synthesis via GS or diffusion from the infected cells. Whether GS occurs in uninfected cells of nodules is not yet resolved. Two alfalfa GS genes appear to be expressed only in infected cells (Temple et al., 1995) . However, the expression patterns of other alfalfa GS genes remain to be evaluated. Experiments using promoter-GUS chimeric genes transformed into heterologous hosts have shown that the pea GS3A gene and the common bean gln-y gene are active in infected cells of alfalfa and Lotus nodules, respectively. By contrast, the common bean gln-p and the soybean GS20 genes are active in parenchyma and uninfected cells of Lotus (Forde et al., 1989; Mia0 et al., 1991) . lmmunogold localization studies have shown that common bean nodule-enhanced GSnl is localized to both infected and uninfected cells of bean nodules (Datta et al., 1991) . Likewise, recent immunogold localization studies from our laboratory have shown that nodule-enhanced AAT-2 and PEPC proteins, both of which are important for synthesis of Asp, are present in infected and uninfected cells (Robinson et al., , 1996 . Inclusively, these observations suggest that uninfected cells and perhaps even nodule parenchyma have a full complement of enzymes required for assimilation of nitrogen into Gln and Asn.
lndirect evidence indicates that Gln may move across cell types in nodules. Amino acid analysis of nodules and xylem sap of effective and ineffective alfalfa, Lotus, and pea (Maxwell et al., 1984; Rosendahl et al., 1990) show that effective plants synthesize i4C-labeled Gln in nodules, and some of this Gln can move into xylem sap. In comparison, little Gln can be detected in nodules and xylem sap of ineffective plants. Because most synthesis of Gln is thought to occur in the infected cells (Forde et al., 1989; Streeter, 1991) , the presence of Gln in xylem sap reflects movement from the symbiotic zone (zone 111) to vascular bundles embedded in the nodule parenchyma.
Promoter-GUS chimeric reporter gene results support the idea that AS78 expression is related to root nodulation. GUS staining indicated that the AS promoter is active mainly in nodules of alfalfa. Within nodules, GUS staining patterns were very similar to mRNA expression patterns obtained by in situ hybridization. The 5' upstream region of AS18 directed high GUS activity to infected and uninfected cells of the symbiotic zone and the nodule parenchyma with no activity in the outer cortex, meristem, and invasion zone. In vitro assays of GUS activity in various organs of transgenic alfalfa confirmed the GUS staining patterns observed visually ( Table 1) . Analysis of four independent transformants showed GUS activity to be considerably higher in nodules than any other tissue. Thus, the pattern of GUS expression regulated by the putative promoter region of AS78 is consistent with the pattern of AS transcripts measured by RNA blots and in situ hybridization. These data suggest that the expression of AS is controlled at least in part at the transcriptional level in root nodules, and this control is mediated through signals interacting with elements in the 5' upstream region of the AS18 gene.
Root nodules are the predominant site for AS expression in alfalfa plants grown in a normal photoperiod; however, when plants are placed in 24 hr of continuous darkness, AS mRNA and protein increase substantially in leaves ( Figures  4A and 4B) . As dark-treated leaves are exposed to light, within 6 hr the amount of AS mRNA rapidly decreases. Identical results were obtained whether the blots were hybridized with an AS13 3' untranslated-specific probe, a 5' untranslated-specific probe, or a coding region probe. These results suggest that the AS gene, which is repressed by light in alfalfa leaves, is the same as that which is enhanced in root nodules. Our observations are consistent with and further confirm those reported for pea AS1 Coruzzi, 1990, 1991) and Arabidopsis AS (Lam et al., 1994) . These studies show that AS expression is repressed by light. In efforts to extend our understanding of light control of AS expression in leaves, cuttings of transgenic alfalfa plants containing the AS promoter-GUS chimeric reporter gene were exposed to darkness, and GUS activity was measured in leaves (Table 2 ). The results show that the 2.7-kb fragment of the 5' flanking region of AS78 was active in darkadapted leaves, further confirming that the putative promoter of AS78 controls expression in both nodules and leaves.
These observations suggest that there are cis-acting elements in the 5' upstream region of AS78 that respond to light or dark signals from leaves. Whether the element(s) controlling expression in leaves is the same as that controlling expression in nodules awaits AS78 deletion analysis. However, there is precedence for the same or similar elements of nitrogen-assimilating genes controlling expression in leaves and nodules. A 132-bp element in the pea GS3A gene has been shown to function in alfalfa leaves and nodules and was qualitatively equivalent to the 1800-bp "fulllength" promoter (Brears et al., 1991) . lmprovement of nitrogen metabolism has been a longterm goal in agricultura1 research (Vance and Graham, 1995) . lsolation and characterization of the genes involved in nitrogen assimilation provide tools for new strategies to improve nitrogen metabolism through direct gene manipulation. We have previously isolated the alfalfa genes encoding nodule-enhanced AAT-2 (Gregerson et al., 1994) , PEPC (Pathirana et al., 1992) , NADH-GOGAT (Vance et al., 1995) , and GS (C.P. Vance, R.G. Gregerson, and J.S. Gantt, unpublished data) . With the isolation of a gene encoding AS, we are now able to initiate experiments to modify nitrogen metabolism in alfalfa. Currently, transgenic plants containing constructs designed either to overexpress or to underexpress these enzymes are being generated. It will be important and informative to assess growth and metabolism in these transformants. Direct genetic modification of alfalfa with transgene technology may result in enhanced nitrogen assimilation, which could have significant benefits for agriculture by reducing the need for and use of industrial nitrogen fertilizer.
METHODS
Plant Material and Bacterial Strains
Seeds of wild-type effective alfalfa (Medicago sativa) cultivar Saranac and its mutant "ineffective" Saranac (in,Sar), which contains a single recessive mutation that results in early senescing ineffective nodules (Peterson and Barnes, 1981) , were obtained from D.K. Barnes (U.S. Department of Agriculture-Agricultura1 Research Service, St. Paul, MN). The fact that alfalfa is an outcrossing tetraploid species precludes the formation of isogenic lines; however, S O % of the in,Sar genotype is from the Saranac background.
In most experiments, plants were grown in greenhouse sand benches inoculated with effective Rhizobium meliloti 102F51, as described previously (Egli et al., 1989) . In the experiments examining asparagine synthetase (AS) expression in bacterially conditioned ineffective nodules, effective Saranac seeds were planted in pots of sterile sand and inoculated with one of four ineffective R. meliloti strains, T202, G456, 1491, and F642, whose relevant genotypes were summarized previously (Gregerson et al., 1993; Vance et al., 1995) . In all cases, the sand was inoculated on the day when seeds were planted, designated as day O. For experiments analyzing developmental expression of AS, roots (day 5) or nodules (days 8, 9, 12, 19, and 33) were collected by hand, placed on ice, weighed, and used immediately for either protein or RNA extraction. In dark induction experiments, sterile Saranac seeds were planted in flats of uninoculated sterile sand (40 x 20 X 1 O cm) in a growth chamber with an 18-hr-light and 6-hr-dark cycle at 21°C for 9 days and then continuous light for 2 days to minimize circadium rhythm effects. Plants were then placed in black boxes in a dark growth chamber for either 1 or 3 days. For light treatments, 3-day-old dark-adapted plants were removed from dark boxes and exposed to continuous light for either 6 or 24 hr. Before initiation of the dark treatments, plants were watered with sterile half-strength Hoagland's solution with 1 O mM KNO, every other day.
Various alfalfa organs, including uninfected roots, nodules, stems, leaves, and cotyledons, were hand collected onto ice and used immediately for either RNA isolation or protein extraction, except that the leaves and roots of the dark-treated plants were harvested under green light and immediately frozen in liquid NP.
RNA lsolation and Gel Blot Analysis
Total RNA was isolated from freshly collected tissues, such as roots, nodules, stems, leaves, and cotyledons, as described by Gregerson et al. (1993) . Poly(A)+ RNA was obtained by a single pass over an oligo(dT) column (Gibco BRL).
RNA gel blotting was performed essentially as described by Gantt et al. (1 992) . Either 1 O to 15 pg of total RNA or 2 pg of poly(A)+ RNA was separated on denaturing agarose gels, transferred to ZetaProbe (Bio-Rad) membranes, and hybridized with a 32P-labeled AS cDNA fragment, as described previously (Pathirana et al., 1992) . Blots were independently repeated two to three times. Labeling of all RNA blots with 3zP-labeled polyuridine showed that RNA loading in each lane was comparable.
lsolation of AS cDNA and Genomic DNA Clones
An oligo(dT)-primed alfalfa nodule cDNA library (Gregerson et al., 1993) constructed in the vector hgt22 by using a cDNA synthesis kit (Life Technologies, Grand Island, NY) was screened with primaty antisera prepared against the alfalfa AS protein (Twary et al., 1994) by using horseradish peroxidase-conjugated goat anti-rabbit antibody as the secondary stain. From a screening of -5 X 1 O4 plaque-forming units of the cDNA library, six recombinant antigen-producing bacteriophages were isolated and purified, the sizes of the cDNA inserts were determined, and the inserts were subcloned into pBluescript KS-(Stratagene) and partially sequenced. The nucleotide sequence of the largest cDNA, designated AS13 (-2.2 kb), was determined from nested deletion fragments (Henikoff, 1987) by the dideoxy termination method using Sequenase (Amersham). Both DNA strands were sequenced, and the overlapping regions were determined using the Genetics Computer Group (Madison, WI) gel program. A total of 5 x 105 recombinant bacteriophages from an alfalfa genomic Iibrary was screened with the AS13 cDNA, essentially as described by Gregerson et al. (1994) . Four clones were obtained and partially characterized. The largest of them, MS78, containing both the 5' and 3' end sequences of the AS13 cDNA, was sequenced as described above.
nodules were separated by electrophoresis in a 10% SDS-polyacrylamide gel and electrophoretically trgnsferred to nitrocellulose. The resulting filters were probed with AS antisera (Twary et al., 1994) , as described previously (Miller et al., 1987) . Protein blots were independently repeated two or three times.
Plasmid Construction and Alfalfa Transformation
In Situ Hybridization A 2.7-kb flanking region of AS78 starting from 15 nucleotides upstream of the putative translational start codon was excised by digestion with restriction endonucleases (Hindlll and Xmnl) and inserted into the Hindlll and Smal sites in plant transformation vector pBI101.2 (Jefferson 1987) , producing a transcriptional fusion construct pBICAS-GUS. pBICAS-GUS was introduced into Agrobacterium strain LBA4404 by electroporation. Sequence analysis of pBICAS-GUS demonstrated that the insert was correctly cloned. Transgenic M. sativa cv Regen SY plants were obtained via Agrobacterium-mediated transformation, essentially by the method of Austin et al. (1996) . After rooting, plants were inoculated with R. meliloti 102F51. Histochemical analysis of p-glucuronidase (GUS) activity in nodules, roots, leaves, or flowers was performed according to the protocol of Stomp (1992) . Stained nodules were fixed, dehydrated, and embedded in London Resin White (Polysciences Inc., Warrington, PA), as described by Robinson et al. (1996) . Sections (4 pm) were cut using an MT-2000 UItramicrotome (Research and Manufacturing Co., Tucson, Az), mounted on slides, and observed using dark-field microscopy. The blue color seen with X-gluc staining appears red in dark-field microscopy.
Fluorometric GUS assays were performed essentially as described by Jefferson (1987) . Fresh or frozen nodules, stems, flowers, leaves, and roots (-25 mg) of transgenic alfalfa were ground in lysis buffer. Protein concentrations were determined by the Bio-Rad method. Approximately 5 to 10 pg of protein was incubated with 1 mM 4-methylumbelliferyl p-D-glucuronide in 100 pL of lysis buffer at 37°C for 10, 20, and 30 min. After reactions were stopped with 2 mL of 0.2 M sodium carbonate, fluorescence of the 4-methylumbelliferone product was determined in a minifluorometer (model TKO-I 00; Hoefer Scientific, San Francisco, CA). Fhorescence of a solution of 0.1 mM 4-methylumbelliferone in 0.2 M sodium carbonate was used for calibration.
Plant DNA Extraction and DNA Gel Analysis
Genomic DNA was isolated from 12-day-old alfalfa cultivar Saranac seedlings as described by Shure et al. (1983) . For DNA gel analysis, approximately equimolar amounts of genomic DNA from alfalfa (18 pg) and R. meliloti (0.01 pg) were digested with a variety of restriction enzymes (EcoRI, EcoRV, or Xbal), electrophoresed through an 0.8% agarose gel, and transferred to an Immobilon-N membrane (Millipore, Bedford, MA), as recommended by the manufacturer. The membrane was hybridized with a 32P-labeled AS13 cDNA, as described previously (Gregerson et al., I 993) . Hybridization and washing were performed at 65°C for high stringency and 50°C for low stringency, respectively.
In situ hybridization was performed essentially as described by Van de Wiel et al. (1990) . At least 20 day 12 Saranac and in,Sar nodules were fixed with 4% paraformaldehyde and 0.25% glutaraldehyde in 50 mM sodium phosphate buffer, pH 7.2, at room temperature. The tissues were then rinsed twice in the same buffer and twice in water and dehydrated in a graded ethanol series. After the absolute ethanol was replaced with xylene, tissues were embedded in paraffin. The embedded tissues were sectioned (7 pm thick) and affixed to poly-~lysine-coated slides. Hybridization was performed at 46°C overnight, and the final washing condition was 0.1 x SSC (1 x SSC is 0.15 M NaCI, 0.015 M sodium citrate) and 1 mM DTT at 50°C for 20 min. After 1 to 4 weeks of exposure at 4"C, the emulsion was developed, and the sections were then stained with 0.05% toluidine blue O, dehydrated, and mounted with Permount (Fisher Scientific Co., Fair Lawn, NJ). Sections were viewed and photographed with a Labophot microscope (Nikon Inc., Garden City, NY) equipped with dark-and bright-field optics.
An Xmnl fragment encoding amino acids 172 to 364 was excised from AS13, ligated with EcoRV-digested pBluescript KS-, and sequenced to determine its cloning orientation. For antisense RNA probe preparation, the plasmid was cut with Hindlll and transcribed with T7 RNA polymerase. For sense RNA probe preparation, the plasmid was cut with EcoRl and transcribed with T3 RNA polymerase. To prepare a probe derived from the 3' untranslated region of AS13, a 260-bp fragment (from nucleotides 1901 to 2160) was amplified by polymerase chain reaction, subcloned into pBluescript KS-, and sequenced to determine its orientation. For antisense RNA probe preparation, the plasmid was cut with Xbal and transcribed with T7 RNA polymerase; for sense RNA probe preparation, the plasmid was cut with BamHl and transcribed with T3 RNA polymerase. All probes were radioactively labeled with 35S-UTP (1000 Ci mmol-I; Amersham) and degraded to -1 50 nucleotides before hybridization.
Phylogenetic Analysis
AS amino acid sequences were retrieved from GenBank and aligned using the PILEUP program from the Genetics Computer Group software package. Parsimony analysis was performed for AS polypeptides with and without the deletion of the divergent C-terminal 80 amino acids, respectively. The phylogenetic trees were constructed with the heuristic search option of the phylogenetic analysis program (PAUP) using parimony, version 3.0 (D.L. Swofford, lllinois Natural History Survey, Champaign, IL), using Escherichia coli AsnB as an outgroup.
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